Abstract: Biologists in many fields use published regression equations to predict biomass from simple linear body measurements. Power functions are used with arthropods, facilitating biomass estimation of a sample when destructive techniques are not feasible. Resulting predictive coefficients vary widely depending on region and taxa. There are no published biomass regressions for oceanic island fauna, despite the widely accepted conclusion that their arthropod assemblages are unusual in composition. I present a suite of general and taxonomically and morphologically restricted regression equations developed for arthropods in the Hawaiian Islands. General regression equations were highly significant when only length was used to predict biomass, but fits were usually improved by including body width. In regressing restricted sets of taxa, the addition of width did little to improve the fit of the functions. Thus, the choice of regression equations involves a trade-off in taxonomic resolution: precise biomass estimates will come either from (1) low taxonomic resolution measured for both length and width, or (2) high taxonomic resolution measured only for body length. These equations have a high predictive capacity for a broad range of arthropod taxa common in the Hawaiian Islands and, in the absence of locally developed equations, the arthropods of other oceanic islands.
The sheer abundance and diversity of arthropods in terrestrial ecosystems attest to their importance in ecosystem function. A number of applications require the estimation of arthropod biomass in ecosystems, from testing of classic hypotheses of biomass ratios in trophic groups (Hairston et al. 1960) and description of macroecological patterns (Brown and Maurer 1986 , Blackburn et al. 1993 , Blackburn and Gaston 1997 to the availability of food resources for birds (Hó dar 1997) or other vertebrates (Sage 1982) . Arthropods can be weighed directly while fresh or subsequent to freezing. However, fresh biomass measurements are sensitive to the conditioning of the sample, local relative humidity, or any factor that influences the water content of specimens. More often, researchers collect a large quantity of material in a short time and must preserve specimens for identification and analysis at a later date. These specimens can then be dried and weighed in bulk to eliminate the variable influence of body water content but at the price of destruction of soft-bodied arthropods and any ability to identify and voucher them.
A preferred approach to biomass estimation is to use general or taxonomically restricted regression relationships to predict arthropod biomass from easily obtained length and/or width measurements (Rogers et al. 1976 , 1977 , Schoener 1980 , Sage 1982 , Gowing and Recher 1984 , Sample et al. 1993 , Hó dar 1996 . Using power functions, these equations reduce the effort required to estimate biomass of a sample when destructive techniques are not feasible. But which regression coefficients to use? Significant statistical differences among compared equations appear to be rare (Gowing and Recher 1984, Sample et al. 1993 ). However, Hó dar (1996) compared nine published lengthweight regression relationships and found their performance highly variable in comparison with the actual known biomass of samples. Several authors emphasized the increased precision obtained with equations specific to lower taxonomic groupings (Gowing and Recher 1984, Hó dar 1996) . Even among specific groups, Schoener (1980) noticed differences in parameter estimates of tropical versus temperate insects and suggested hypotheses why there might be systematic differences in the faunas to explain this pattern.
The arthropod fauna of the Hawaiian Islands is widely cited as disharmonic and locally depauperate relative to other tropical areas as a result of its extreme isolation from sources of colonizing lineages (Zimmerman 1948 , Howarth 1990 ). The most common groups in these Islands may not be well represented in regression equations developed elsewhere. In addition, shifts to smaller or larger forms are common in the evolution of endemic species on islands (Whittaker 1998). It is not known to what extent these size changes alter the allometric relations of linear measurements to body mass. Thus, it is not at all clear which published length-weight relationships are most applicable to estimation of arthropod biomass on tropical island ecosystems. Recent investigations into the diet of endangered birds required biomass equations, but equations specific to Hawai'i were unavailable (Peck 1993 , Fretz 2000 . Because the assessment of the most appropriate published equations may have proven as laborious as generating new ones, I sought to remedy this lack. I present a suite of taxonomically general and specific regression equations developed through the course of ongoing work in the Hawaiian Islands. Beyond their immediate utility, it is hoped that the biomass equations will benefit future work focused on Pacific island fauna.
materials and methods

Field and Laboratory
I selected specimens as available within incidental or nonquantitative collections obtained over the course of other work in the Hawaiian Islands from 1996 to 2001. With few exceptions, specimens were collected from the endemic tree Metrosideros polymorpha Gaudichaud-Beaupré (Myrtaceae). Metrosideros is a common genus throughout the Pacific to New Zealand (Mueller-Dombois and Fosberg 1998), but it is particularly abundant and widespread in the Hawaiian Islands (Dawson and Stemmerman 1990) . The arthropod fauna of this tree is particularly diverse among Hawaiian trees (Southwood 1960) , representing a number of lineages (Stein 1983) . Thus it is a reasonable first approximation for arthropod biomass predictions in the Hawaiian Islands and, perhaps, Pacific islands more generally. I collected arthropods through pyrethrum canopy fogging (Gruner and Polhemus in press), branch clipping, vegetation beating, malaise trapping, and hand collecting at sites on Hawai'i, Moloka'i, O'ahu, and Kaua'i (Appendix 1). Several texts provide detail on these collection methods (New 1998 , Southwood and Henderson 2000 , Toda and Kitching 2002 . Most collections were from intact, predominantly native forest ecosystems at elevations above 1000 m.
All specimens were stored in 70% ethanol and measured directly upon removal from preservative. Alcohol may distort some specimens, especially in soft-bodied groups such as Lepidoptera and Araneae. Storing of specimens in alcohol also may result in extraction of some body materials (Rogers et al. 1976) . Ethanol is, however, the arthropod preservative of choice for many practitioners in various fields. These regressions, then, will apply to data most easily obtained and widely available. If biomass is indeed lost during ethanol storage, the regression estimates of biomass will be conservative (Gowing and Recher 1984) .
Specimens were chosen to represent a range of taxa, sexes, life stages, and sizes as available in the incidental collections. As noted by Hó dar (1996) , it is of greater importance to represent the full range of variation in the estimation procedure than to randomize specimen selection. Only undamaged specimens were selected. Specimens were identified to species where possible. Otherwise, specimens were assigned to Operational Taxonomic Units (OTU) or ''morphospecies'' within the finest taxonomic classification obtainable.
Length was measured using a dissecting microscope with an ocular micrometer to 0.05 mm precision. Body length included the tip of the abdomen to the end of the head or carapace, excluding mouthparts, genitalia, ovipositors, antennae, or spinnerets (spiders). Width was measured at the widest point of the mesothorax. For nonhexapods, width was taken as the widest body segment. After morphometric measurement, specimens were then dried for 24 hr in an oven at 70 C and weighed to the nearest 0.01 mg. Where possible, at least 10 specimens of a particular OTU were measured and weighed, but more than 10 often does not improve precision as long as specimens cover the range of variation in the OTU (Hó dar 1996). For hemimetabolous arthropods, additional specimens were measured and weighed for life stages that differed appreciably, and for holometabolous species, for each unique life form. Extremely small specimens were weighed in groups of 2-10, lengths and widths averaged, and applied to total group mass divided by the number of individuals used.
Statistical Analyses
General and specific linear regressions were created to predict biomass of arthropods from length and width. General equations contained a large number of specimens grouped at the class level or above. Specific equations were created on restricted taxonomic lines but also on morphological similarities. For instance, Tetragnatha spiders, generally long and slender, were calculated separate from other spiders, and several families of beetles and genera of Heteroptera were isolated on the same rationale. Following other authors (Rogers et al. 1977) , I used a power model to describe the size-weight relationships. The model takes the form:
where y ¼ dry biomass; x ¼ size measurement, whether length or length * width; a and b are coefficients estimated in the regression procedure. Morphometric and weight data were transformed to natural logarithms for analysis using linear regressions: lnð yÞ ¼ lnðaÞ þ b * lnðxÞ Logarithmic transformations reduced heteroscedasticity in the data in accordance with statistical assumptions. Data were analyzed with linear regressions using the Systat statistical software package (Systat 2000) . I ran regressions both on length and length * width and back-transformed the data for parameter estimations. Other authors have applied Bonferroni corrections because of the high number of regression equations developed (e.g., Sample et al. 1993 , Hó dar 1996 . However, because I am not testing the null hypothesis that length (or length and width) is related to mass, I argue it is not necessary to control for the Type I error rate. Nevertheless, I apply the most conservative fixed Bonferroni correction to test the strength of the relationships (overall a ¼ 0:05). results I measured length and width of 619 individual arthropods, from which I obtained 488 measures of biomass. Of these specimens, 431 specimens were measured individually for morphometrics and biomass, and 188 additional smaller-sized specimens were lumped into 57 groups of 2-10 individuals. Specimens were gathered from 14 arthropod orders in the subphylum Crustacea and in the classes Arachnida and Insecta (Brusca and Brusca 1990 ). The measured arthropods ranged from lengths of 0.65 (Acari) to 17.6 mm (Coleoptera: Curculionidae) and widths from 0.20 (Diptera: Sciaridae) to 6.45 mm (Isopoda: Porcellionidae). From these specimens I generated regressions at levels running the gamut from phylum level to single species. For all analyzed groups, I present results from biomass regressions of body length and the product of length and width (Table  1) . Attempts to create regressions with body width as a separate parameter were less successful and thus not reported here. To ease comparisons with regressions developed elsewhere, the model parameters are provided in Table 1 and error statistics in Appendix 2. The logarithmic length-weight regression of all arthropod taxa was highly significant (R 2 ¼ 0.773, P < 0:0001; Figure 1) , as was the regression using the product of length and width (R 2 ¼ 0.890, P < 0:0001; Figure  1 ). The parameter b, the exponent in the complete power function model, is among the lowest published values for length-only models (b ¼ 2:191). Within the most diverse and numerically dominant orders (e.g., Coleoptera, Homoptera), I generated suborder-, family-, and genus-level equations (Table 1; Appendix 2). All equations were highly significant at the alpha level of 0.05; most were significant at the 0.001 level. When the testwise alpha is adjusted to an overall alpha of 0.05 by dividing by the number of tests, 92% of the 50 length regressions and 96% of the length-width regressions remain significant (test-wise a ¼ 0:001).
Inclusion of width into the predictor variable x often improved the model fit, with some exceptions (Table 1) . Incorporating width into the relationship improves the fit in the majority of cases (36/50), but often to a negligible extent. Using an arbitrary but more stringent threshold of 5% change in R 2 , less than half of the relationships (22/50) are improved by incorporating width. Part of this result derives merely from the mathematical constraints of percentages; with an upper limit of 100%, a 5% improvement is difficult to achieve if the R 2 is already high. There is, however, a general trend toward more variation explained as taxonomic resolution decreases (Figure 2 ). The less resolved the taxonomic identity of a specimen, the more informative is the additional variable, body width, toward predicting biomass. discussion The regression equations presented here provide a tool for the estimation of arthropod biomass in Hawaiian Island ecosystems. Previously, no specific tools were available for Hawaiian arthropods, forcing the use of general relationships constructed for other regions with no shared species. The power b of the length-weight relationship derived for Hawaiian arthropods is among the lowest published (Hó dar 1996) . This probably is due in part to the selection of specimens used. When I remove holometabolous larvae, predominantly long and thin insects such as caterpillars or lacewing larvae, the power rises to 2.355 (Table 1) , closer to the range found in other studies. Even so, the power is still smaller than the most widely cited, presumably the most-used, general relationship (b ¼ 2.62 [Rogers et al. 1976] ). For regressions involving only length, a uniformly proportional series of insects should have a power b in the range of 3, and 1.5 for regressions involving the product of length and width. General regression equations never have powers that high (Hó dar 1996), however, and Schoener (1980) noted that tropical insect groups consistently had a lower power than their temperate counterparts. This is due, in part, to greater preponderance of slender insects such as mantids, phasmids, and Orthoptera in the tropical regions. Although there are no mantids or phasmids in the native Hawaiian fauna, long, slender insects are well represented (e.g., Coleoptera: Elateridae, Staphylinidae; Heteroptera: Nabidae, some Miridae). Schoener (1980) suggested that a low b could be considered an ''index of bizarreness.'' For example, model fit for beetles in the family Nitidulidae, although still highly significant for both models, was among the poorest for any group (Table 1) . The parameter b is 1.308 for the length model and 1.103 for the model with both length and width. These insects are highly compressed in the unmeasured dimension, height, so length and width together are incomplete predictors of volume. At the other end of the spectrum, the introduced flatid planthopper (Siphanta acuta) holds its broad triangular forewings vertical, rooflike. Its b value (3.182) is unusually high, again reflecting the inordinate influence of the unmeasured dimension. If indeed tropical island insects are less proportional in length and width, there are a number of plausible evolutionary hypotheses that may generate the pattern (Schoener 1980) . Predation pressure is hypothesized to be stronger in the Tropics (Dyer and Coley 2001) . This may select for cryptic taxa resembling twigs, while also favoring the slender body form of many cursorial predators. The Hawaiian Islands fauna is a product of serendipitous colonization history; perhaps disproportional insects are more suited to long-distance dispersal on the winds and tides? At present, these alternatives cannot be distinguished from random chance. The lesson in the current application is that species in different biogeographic provinces are subject to differing selection pressures and historical contexts. Thus, it is advisable to generate novel location, and possibly habitatspecific, regression relationships if more than the crudest estimates are necessary.
I am aware of no study of arthropod biomass regressions using a randomized series of insects sampled from their environment and measured for this purpose. Thus, there may be biases inherent in the selection of specimens and the relative number representing each taxon. Most of the specimens in this study were obtained through tree canopy collections, although in some communities there are large numbers of mobile soil organisms in the trees (unpubl. data). Highly mobile, nocturnally active, internally phytophagous and epigeal arthropods are probably underrepresented in these samples. Furthermore, the arthropod fauna of the Hawaiian Islands is highly disturbed or degraded as a result of invasive species or habitat modification (Roderick and Gillespie 1998) . Inferences concerning the proportionality of arthropod forms within provincial faunas, and any evolutionary drivers of these patterns, must then be interpreted with caution.
The majority of general relationships, at the phylum, class, and ordinal levels, are improved by incorporating body width into the regressions (Figure 2) . The more taxonomically specific the relationship, the trend is toward less improvement in fits using the combination measure. In the more restricted groupings, fits are no different, or usually perform less well, with width included. It is intuitively pleasing that as a group is narrowed and becomes more homogenous, the more informative is length alone. In the absence of fine taxonomic resolution, the recommendation would be to measure both length and width and apply general equations. If, however, good identifications are possible, specific equations using only body length will yield biomass estimates qualitatively similar to more detailed equations but with less labor. There are exceptions to this generalization, particularly at the family level, where several fits are dramatically improved with inclusion of width. Closer examination reveals families that are either heterogeneous at the family level (e.g., Heteroptera: Miridae) or else are unusually compressed (e.g., Coleoptera: Nitidulidae) or elongate (e.g., Coleoptera: Ciidae and Scolytidae) in the unmeasured dimension, height.
The development of these equations allows a high predictive capacity for biomass of a broad range of arthropod taxa common in the Hawaiian Islands. Moreover, oceanic islands often share suites of common biotic lineages as a result of their disproportionate colonization abilities over large scales. Highly endemic radiations of birds, land snails, and especially arthropods characterize oceanic island faunas, and many groups typical of continents are absent. Ants and termites, for instance, are entirely absent from the native fauna (Wilson 1996) . Small, vagile groups of insects are often found dispersing as aerial plankton on the continents and over the oceans (Holzapfel et al. 1978) . These groups are prominent among native Pacific island faunas, along with some relictual taxa no longer present or common on continents (Howarth 1990 ). Many adventives are widely shared among Pacific islands, whether as a result of the intrinsic affinity of a species for humankind and associated disturbances, or through replicate introductions of biological control agents for pests of widespread commercial crops. Although other authors recommend the independent development and publication of relationships specific to each region or unique habitat (Hó dar 1996) 
